Structures and magnetic properties of double perovskite-type oxides Eu 2 LnTaO 6 (Ln = Eu, Dy ~ Lu) were investigated. These compounds adopt a distorted double perovskite structure with space group P2 1 /n. Magnetic susceptibility, specific heat, and 151 Eu Mössbauer spectrum measurements show that the Eu 2+ ions at the 12-coordinate sites of the perovskite structure are antiferromagnetically ordered at ~ 4 K, and that Ln 3+ ions at the 6-coordinate site are in the paramagnetic state down to 1.8 K.
Introduction
It is well known that the magnetism of perovskite-type oxides ABO 3 is due to the B-site cations because the three-dimensional network of BO 6 octahedra gives the linear superexchange B-O-B pathway. On the other hand, the magnetic interaction between A-site cations is too weak, and we can seldom observe it down to 4.2 K.
It is reported that divalent europium perovskites Eu 2+ M 4+ O 3 (M = Ti, Zr; diamagnetic)
show an antiferromagnetic ordering at 4 ~ 6 K [1, 2] . In addition, when paramagnetic ions such as Nb 4+ ions are introduced at the B-site of the perovskites, those compounds sometimes show ferromagnetic behavior at low temperatures [3] .
We focused our attention on the Eu 2+ -bearing double perovskites Eu 2 LnTaO 6 . Since the trivalent Ln ions are located at the B-site of the perovskites, not only the magnetic interactions of the Eu 2+ ions at the A sites, but also the interactions of the Eu-Ln ions are expected for Eu 2 LnTaO 6 . Previously, Sato et al. prepared a series of Eu 2 LnTaO 6 (Ln = Nd-Yb, Y) compounds, and measured magnetic susceptibilities for Ln = Eu and Gd compounds. However, no magnetic ordering was observed down to 1.6 K [4] In this study, we performed magnetic susceptibility, specific heat, and 151 Eu Mössbauer spectrum measurements for Eu 2 LnTaO 6 (Ln = La ~ Lu).
Since the total number of electrons of Ta 5+ ion is comparable to that of Ln 3+ ions, the arrangement of the B-site cations is not perfectly determined by the X-ray diffraction
Magnetic susceptibility measurements
The temperature-dependence of the magnetic susceptibility was measured in an applied field of 0.1 T over the temperature range of 1.8 K T 400 K, using a SQUID magnetometer (Quantum Design, MPMS5S). The susceptibility measurements were performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The former was measured upon heating the sample to 400 K under the applied magnetic field of 0.1 T after zero-field cooling to 1.8 K. The latter was measured upon cooling the sample from 100 to 1.8 K in the applied field of 0.1 T.
Specific heat measurements
Specific heat measurements were performed using a relaxation technique by a commercial heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 1.8-300
K. The sintered sample in the form of a pellet was mounted on a thin alumina plate with Apiezon grease for better thermal contact.
151 Eu Mössbauer spectroscopy measurements
The 151 Eu Mössbauer spectra were measured with a Mössbauer spectrometer VT-6000 (Laboratory Equipment Co.) in the constant acceleration mode using a radiation source 151 SmF 3
(1.85 GBq). The spectrometer was calibrated with a spectrum of α-Fe at room temperature. The γ-rays were detected with a NaI scintillation counter. Europium trifluoride (EuF 3 ) was used as a reference standard for the chemical isomer shift. The sample was wrapped in an aluminum foil so as to have its average surface density of 10 mg (Eu) cm -2 .
Results and discussion

Preparation and crystal structure
The Eu 2 LnTaO 6 compounds with Ln = Eu, Dy ~ Lu were successfully prepared, although a small amount (1 ~ 5 %) of Ln 2 O 3 was contained as an impurity phase. A representative powder X-ray diffraction profile is shown in Fig. 1 (a) for Eu 2 HoTaO 6 . The results indicate that these compounds adopt the perovskite-type structure with a much lower symmetry than the cubic perovskite structure reported previously [4] , and finally the observed diffraction peaks were indexed on a monoclinic cell. This unit cell is related to the primitive perovskite unit cell (a p ) by Figure 2 shows the variation of lattice parameters of Eu 2 LnTaO 6 with the ionic radius of Ln 3+ ion in the six-coordination. Table 2 . Its crystal structure is schematically shown in Fig. 3 . Table 3 lists the atomic positional parameters and isotropic thermal parameters for Eu 2 HoTaO 6 .
The average bond lengths (Eu-O, Ln-O and Ta-O) of Eu 2 LnTaO 6 were calculated using the refined structural parameters. The oxidation state of the ions in these compounds is estimated by the bond valence sums (BVS) [8, 9] . The BVS values for Eu, Ln, and Ta ions were calculated using the bond lengths, and they are listed in Table 4 . Figure 4 shows the 151 Eu Mössbauer spectra of Eu 3 TaO 6 measured at room temperature.
151 Eu Mössbauer spectrum
Two absorption peaks appeared at δ = -12.3 and 1.51 mm/sec, indicating that the Eu ions are in both the divalent and the trivalent states. Because of the low symmetry of the Eu sites in Eu 3 TaO 6 , the electric field gradient tensor should exist and the nonzero quadrupole interaction is expected at the Eu sites. The quadrupole Hamiltonian is given by
where I is the nuclear spin, Q is the quadrupole moment, eq = V zz , and the asymmetric parameter η = (V xx -V yy ) / V zz (V ii is the electric field gradient tensor). Actually, the spectra exhibited a slightly asymmetric line (η ≠ 0). It is impossible to fit such a spectrum with a single Lorentzian line because of the distortion due to the quadrupole interaction. The 12 possible transitions (eight allowed transitions and four forbidden transitions) due to a quadrupole interaction were taken into account; the observed data were fitted with the sum of these Lorentzian lines (see Fig. 4 ). In order to derive these Lorentzian equations, the results by Shenoy and Dunlap were used [10] and the ratio of the excited and ground state quadrupole moments (R Q = Q e /Q g ) was taken as 1.312 [11] . The fitting parameters, the isomer shift (), the quadrupole coupling constant (eV zz Q g ) and the asymmetry parameter () are determined for Eu 3 TaO 6 , and they are listed in Table 5 . 
where k is the Boltzmann's constant, Θ D is the Debye temperature, and E R is the free-atom recoil energy. By using this equation, the Debye temperatures for Eu 2+ ions are situated at the B-site.
Magnetic properties
Temperature dependences of the magnetic susceptibility of Eu 2 DyTaO 6 , Eu 2 HoTaO 6 , and show the temperature dependence of the specific heat C p for Eu 2 LnTaO 6 (Ln = Dy, Ho, and Lu) at low temperatures, respectively. The specific heat data show a λ-type anomaly at the temperature at which each magnetic susceptibility shows the antiferromagnetic behavior. To calculate the magnetic contribution to the specific heat (C mag ), we have to subtract the contribution of lattice specific heat (C lattice ) from the total specific heat (C p ), i.e., C mag = C p -C lattice . For Eu 2 LuTaO 6 , the lattice specific heat was estimated by using a polynomial function of the temperature, f(T) = aT 3 + bT 5 + cT 7 [13] (see Fig. 8 (c) ), in which the constants a, b and c were determined by fitting this function to the observed specific heat data above 30 K. A dashed line in the C p -T curve below 1.8 K represents the extrapolated specific heat by the relation C p  T 3 from the spin-wave model for an antiferromagnet [14] . For the lattice specific heat of Eu 2 DyTaO 6 and Eu 2 HoTaO 6 compounds, the data of Eu 2 LuTaO 6 (the above-mentioned fitting results) were used. From the temperature dependence of the magnetic specific heat (C mag ), the magnetic entropy change of Eu 2 LnTaO 6 is calculated by the relation S mag =  dT
. It is shown in Fig. 9 . The magnetic entropy change due to the antiferromagnetic ordering is about 30 J mol −1 K −1 for any of the Eu 2 LnTaO 6 compounds. Magnetic entropy change due to the magnetic ordering of Eu 2+ ions is expected to be R ln(2S+1) = Rln8 = 34.5 J mol −1 K −1 , where R and S are the molar gas constant and the total spin quantum number, respectively. Although the magnetic entropy change experimentally observed is a little smaller than the theoretically expected value, this result clearly indicates that the magnetic ordering observed at 4~5 K is due to the magnetic interactions between Eu 2+ ions at the A-site, and that the Ln 3+ ions do not contribute to it. We consider that the difference in the magnetic entropy values found for Ln = Ho and Lu compounds is not due to the magnetic contribution of Ho 3+ ions to the magnetic ordering, but due to poor estimation of the lattice specific heat for the Ho compound (see Fig.   8 (b)).
Magnetic ions in the Eu 2 LuTaO 6 are only Eu
2+
. This compound shows a simple antiferromagnetic behavior, i.e., its magnetic susceptibility decreases with decreasing temperature below the antiferromagnetic temperature ( Fig. 7 (c) ). On the other hand, for the Eu 2 LnTaO 6 compounds with paramagnetic Ln ions, their magnetic susceptibilities increase with decreasing temperature below the ordering temperature ( Fig. 7 (a), (b) ). The magnetic ordering temperature of Eu 2 LnTaO 6 does not change with Ln, and the temperature dependence of the magnetic entropy does not change between paramagnetic Ln ions and diamagnetic Ln ions (Fig.   9 ). These experimental results indicate that Ln 3+ ions at the B-sites are in the paramagnetic state and that long-range magnetic ordering is due to the magnetic interactions between Eu 2+ ions at the A-sites. Definitions of reliability factors R wp and R I are given as follows: 
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